Basal elements in archaeal promoters, except for putative initiator elements encompassing transcription start sites, are well characterized. Here, we employed the Sulfolobus araS promoter as a model to study the function of the initiator element (Inr) in archaea. We have provided evidence for the presence of a third core promoter element, the Sulfolobus Inr, whose action depends on a TATA box and the TFB recognition element (BRE). Substitution mutations in the araS Inr did not alter the location of the transcription start site. Using systematic mutagenesis, the most functional araS Inr was defined as ؉1 GAGAMK ؉6 (where M is A/C and K is G/T). Furthermore, WebLogo analysis of a subset of promoters with coding sequences for 5= untranslated regions (UTRs) larger than 4 nucleotides (nt) in Sulfolobus solfataricus P2 identified an Inr consensus that exactly matches the functional araS Inr sequence. Moreover, mutagenesis of 3 randomly selected promoters confirmed the Inr sequences to be important for basal promoter strength in the subgroup. Importantly, the result of the araS Inr being added to the Inr-less promoters indicates that the araS Inr, the core promoter element, is able to enhance the strength of Inr-less promoters. We infer that transcription factor B (TFB) and subunits of RNA polymerase bind the Inr to enhance promoter strength. Taken together, our data suggest that the presence or absence of an Inr on basal promoters is important for global gene regulation in Sulfolobus.
A rchaeal transcription shares remarkable similarities with the eukaryotic process, and archaeal RNA polymerase (RNAP) has multiple components that are homologous with the subunits of the eukaryal type II RNAP (1) . In contrast to eukaryotes, which use multiple general transcription factors (GTFs), each with a complex composition, archaea depend on 2 intrinsic GTFs in transcription initiation: the TATA box binding protein (TBP) and transcription factor B (TFB) (2, 3) . Transcription factor E (TFE) is also found to interact with the nontemplate strand and promote open complex formation (4, 5) . The architecture of archaeal promoters also resembles that of eukaryotic promoters, including those of two well-conserved elements, the TATA box and the TFB recognition element (BRE), and two less defined elements, the proximal promoter element (PPE) and the initiator element (Inr) (6, 7) . The TATA box (formerly named box A) is an A/T-rich sequence centered approximately 24 to 28 bp upstream of the transcription start site (TSS) (6) . Most archaeal TATA boxes contain a highly conserved 8-bp sequence element (TTTAWATR, where W is A/T and R is A/G) that binds TBP (8) . The purine-rich BRE, which is located immediately upstream of the TATA box, is important for promoter strength (6, (9) (10) (11) . Binding site selection experiments and interference footprinting have shown that this element makes contact in a sequence-specific fashion with TFB, the archaeal homolog of TFIIB (11) . Recently, bioinformatic and experimental analyses have identified an A/T-rich sequence, the PPE, located at positions Ϫ12 to Ϫ1 relative to the TSS in Sulfolobus, Haloarchaea, and Methanococcus promoters (12) (13) (14) (15) . However, the conservation of the PPE is not as striking as that observed for the TATA box and BRE.
In eukaryotes, the Inr encompasses the TSS and is probably the most commonly occurring core promoter motif (16) . This motif is defined as a discrete core promoter element that is functionally similar to the TATA box and can function independently of a TATA box (16, 17) . Most eukaryotic Inr sequences contain an adenosine at the TSS (ϩ1) and a cytosine at position Ϫ1 (18), whereas Inr consensus sequences differ greatly from one eukaryote to another. For example, the human Inr consensus is YY ANWYY (where Y is C/T, W is A/T, and N is any nucleotide), whereas the Drosophila Inr consensus is TCAKTY (where K is G/T and Y is C/T) (19, 20) . Furthermore, it has been shown that the binding of TBP-associated factors (TAFs) is well related to Inr activity in eukaryotes (21, 22) . In contrast, the conservation and function of the sequence around the TSS that is referred to as the archaeal initiator (aInr) are less well understood (6, 23) . Until now, the aInr is found on the whole-genome scale to have a weak sequence bias (mainly Ϫ1 TA ϩ1 ) in Sulfolobus (13) , and variations in its sequence affect promoter strength and TSS selection (24) . Since archaea do not encode homologs of many transcription factors of the eukaryotic RNAPII system, including TAFs (25, 26) , the aInr should act in a completely different way from that of the eukaryotic initiator element (7) .
In this study, we combined molecular genetics analysis with bioinformatic analysis to investigate the function of Inr in the araS promoter in the crenarchaeon Sulfolobus islandicus. A conserved Inr motif which matches the sequence of the araS Inr is found in a subgroup of Sulfolobus promoters. We have demonstrated that the araS Inr constitutes a core promoter element that contributes to global gene regulation in Sulfolobus.
MATERIALS AND METHODS
Strains and growth conditions. S. solfataricus P2 (27) and S. islandicus E233S (⌬pyrEF ⌬lacS) (28) were used in this study. For the ␤-galactosidase assay, host cells carrying reporter plasmids were cultured in ACVy and GluCVy media at 75°C in an oil bath, as described previously (12) . Escherichia coli DH5␣ was used for DNA cloning. All E. coli strains were cultured at 37°C in Luria-Bertani (LB) medium, and ampicillin was added to a final concentration of 100 g ml Ϫ1 , as required. General DNA manipulation. Restriction and DNA modification enzymes were purchased from New England BioLabs or Fermentas. Plasmid DNA was extracted from E. coli or Sulfolobus cells using an AxyPrep plasmid miniprep kit. PCR products were purified by using an Axygen PCR cleanup kit, and DNA bands fractionated from agarose gel were extracted by using an Axygen DNA extraction kit. Total DNA was prepared from Sulfolobus by using an Axygen genomic DNA miniprep kit. The oligonucleotides were synthesized by Invitrogen (Shanghai, China) and were also used for DNA sequencing. Plasmid DNA was introduced into S. islandicus competent cells by electroporation, and transformants were selected on 2-layer phytagel (Sigma) plates as described previously (28) .
Construction of reporter plasmids. The Inr mutations were designed based on the araS promoter deletion mutant D-55 (12) . Inr mutants were constructed by PCR using the universal forward primer D-55F-SalI, in combination with Sϩ1R-NcoI, Sϩ2R-NcoI, Sϩ3R-NcoI, and Sϩ4R-NcoI, with the D-55pUC plasmid as the template (12) . PCR products were digested by SalI/NcoI and then cloned into a lacS-pUC18 fragment, which was cut from a D-55pUC vector with SalI and NcoI, resulting in pUCSϩ1, pUCSϩ2, pUCSϩ3, and pUCSϩ4. The wild-type araS promoter-lacS construct was amplified by splicing by overlap extension PCR (SOE PCR). First, the wild-type araS promoter was amplified using the primer set D-55F_SalI/wtOER. The lacS gene was amplified using wtlacSOEF/lacSR_XmaI. Then, the promoter-lacS cassettes were fused by PCR using D-55F_SalI and lacSR_XmaI (12) . The promoter-lacS fragment was digested by SalI/XmaI and cloned to the E. coli-Sulfolobus shuttle vector pZC1 (12) , which generated the Sulfolobus reporter plasmids pSϩ1, pSϩ2, pSϩ3, pSϩ4, and pWT (Fig. 1) .
The construct TAMut-lacS cassette, with a TATA box mutation on the T6BRE1 promoter, was amplified from the T6BRE1-pUC plasmid (12) by using TAMutF_SalI/lacSR_XmaI as primers. The fusion cassettes were cloned into pZC1 at SalI and XmaI, yielding the reporter plasmids (Fig. 2) .
Systematic mutations of the Inr of the araS promoter were generated by site-directed mutagenesis using the inverse-PCR method as described previously (29) . Generally, Inr mutants were amplified by PCR from the D-55pUC plasmid with 12 different forward primers (M1aF to M6aF [see Table S1 in the supplemental material]) which carried a single mutation in the Inr, in combination with a universal reverse primer, MutR (their 5= ends were juxtaposed and had directions contrary to those of their 3= ends). PCR amplifications were conducted using the high-fidelity Phusion DNA polymerase (NEB) according to the manufacturer's instructions. The whole length of template plasmid was amplified as a 4.6-kb linear double-stranded DNA. The PCR products were extracted from a 1% agarose gel, phosphorylated by T4 polynucleotide kinase (Fermentas), and afterwards self-ligated by T4 DNA ligase (Fermentas). Circular DNAs were used as templates in the second round of amplification with the primers D-55F-SalI and lacSR-XmaI. The PCR products were digested with SalI/XmaI, followed by ligation into the shuttle vector pZC1, which generated the corresponding reporter plasmids.
Total RNA preparation. RNA was isolated from exponentially growing Sulfolobus cultures (optical density at 600 nm [OD 600 ] ϭ 0.2) by using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The quantity and quality of RNA samples were determined by UV spectroscopy and agarose gel electrophoresis. For determination of reporter gene transcript levels, 5 g of a total RNA sample was treated with RNasefree DNase I (NEB) at 37°C for 30 min. After treatment, 0.5 l of 25 mM EDTA was added into 20 l of the reaction mix and subsequently heated at 65°C for 10 min to inactivate DNase I. DNA-free RNA samples were checked by PCR using lacSqF/lacSqR as primers (see Table S1 in the supplemental material) to ensure that DNA was completely eliminated. RNA samples were used immediately or stored at Ϫ80°C.
RT-qPCR assay. First-strand cDNA was synthesized using Moloney murine leukemia virus (M-MuLV) reverse transcriptase (Promega) and lacSqR as the primer. Each real-time quantification reaction mixture contained 1 l total cDNA, 1 l (10 M) gene-specific forward and reverse primers, and 10 l SsoFast EvaGreen Supermix in a final volume of 20 l. The reactions were run on a LightCycler 480 system (Roche). The transcript levels of the reporter gene lacS were determined using the primer pair lacSqF and lacSqR. As a control, the albA gene transcript levels were determined with the primer pair albAF and albAR (see Table S1 in the supplemental material). The reverse transcription-quantitative PCR (RTqPCR) conditions were as follows: 30 s of enzyme activation at 95°C, followed by denaturing at 95°C for 5 s and annealing/extension at 60°C for 20 s. The samples were cooled to 50°C and then heated to 99°C, and the melting curves were determined. Data analysis was performed using the software Roche LightCycler 480 HTC1. The cycle threshold (C T ) values of the albA control transcript were used to normalize the C T values of lacS transcripts (28) .
Determination of ␤-galactosidase activity and translational efficiency. The Sulfolobus transformants carrying reporter plasmids were grown in the ACVy or GluCVy medium, and exponentially growing cells (OD 600 ϭ 0.2 to 0.3) were collected and used for a ␤-galactosidase assay. The ␤-galactosidase assay was performed using the ONPG (o-nitrophenyl-␤-D-galactopyranoside) method as described previously (12) . The translational efficiencies were calculated by dividing the specific lacS activities by the transcript levels determined by RT-qPCR as described previously (14) . Experiments were done in triplicate, and average values and standard deviations were calculated.
Primer extension assay. Primer extension was performed as described previously (30), with slight modification. Generally, 20 g of total RNA and 1 pmol of biotin end-labeled primer (lacSR-biotin) were resuspended in M-MuLV reverse transcriptase buffer (Promega) in a final volume of 25 l. The samples were heated to 65°C for 10 min and slowly cooled to room temperature. RNasin, deoxynucleoside triphosphates (dNTPs), and MMuLV reverse transcriptase were added according to the manufacturer's instructions to a final volume of 50 l. The samples were incubated at 42°C for 1 h and separated on a 6% denaturing sequencing gel. Two biotin-labeled nucleotides of 75 and 90 nucleotides (nt) were used as markers running along with the samples on the sequencing gel. The nucleotides on the gel were transferred to a nylon membrane using a semidry electrophoretic transfer cell (Bio-Rad). The cDNA bands were visualized by chemiluminescence detection using the Clarity Western enhancedchemiluminescence (ECL) substrate (Bio-Rad) and the MF-Chemibis 3.2 imaging device (DNR Bio-Imaging Systems, Ltd.).
Bioinformatics analyses of Sulfolobus proximal promoters. Promoter sequences (between positions Ϫ36 and ϩ6, relative to the TSS) from S. solfataricus P2 with verified TSSs (13) were extracted from GenBank. The promoter sequences were divided into 2 groups based on the presence or absence of a 5= untranslated region (UTR). Group A comprised the promoters of genes containing a (Ն4-nt) 5= UTR matching the functional Inr of the araS promoter, and group B comprised the promoters of leaderless transcripts. Conserved motifs in the sequences were identified by WebLogo analysis (31) .
RESULTS

Efficient transcription from the araS promoter requires an Inr.
While the S. solfataricus araS promoter is known to contain a 6-nt coding sequence for the 5= UTR (32), the potential functions of this region in transcription and/or translation have not been studied. Here we investigated the function of this element using an archaeal reporter gene system developed with S. islandicus (12) . Reporter plasmids carrying araS promoter derivatives which harbored either the wild-type 5= UTR or derivatives containing transversion mutations were constructed. These plasmids were transformed into S. islandicus cells to study the function of the 5= UTR element in the expression of the lacS reporter gene. Transversion mutations at positions ϩ1, ϩ2, and ϩ4, relative to the TSS, strongly reduced the specific activity of the reporter gene under both inducible (ACVy) and noninducible (GluCVy) conditions, whereas the transversion mutation at ϩ3 reduced enzymatic activity moderately (Fig. 1A) . The specific lacS activity of the wildtype araS promoter was 1.45-fold compared to that of the D-55 construct (Fig. 1A) . These results clearly indicate that the short DNA sequence encompassing the TSS affects expression of the reporter gene.
A primer extension assay was employed to investigate whether Inr mutations could affect TSS selection. As shown in Fig. 2B , products of the predicted sizes (89 nt; the marker is not shown) were obtained for all constructs, including the wildtype Inr and each Inr mutant, suggesting that in all cases, transcription was initiated at the G residue 6 nt 5= of the start codon (32) . This indicated that the araS Inr does not function in transcription start site selection. Furthermore, the 89-nt primer extension products showed different intensities for the tested samples. The product generated from the wild-type Inr was the most intense, whereas all promoters carrying an araS Inr mutant were associated with decreased activity. A moderate reduction was observed for substitution mutations at the ϩ1 and ϩ3 positions, while expression was greatly inhibited in the mutants with mutations at the ϩ2 and ϩ4 positions. Next, we used RT-qPCR to quantify the transcript level of each mutant, normalized to the level of the control transcript (P araS D-55) as described previously (14); the results are summarized in Table  1 . We found that transcript levels were in agreement with the results of primer extension except in the case of the mutant Sϩ3. In the case of Sϩ1, Sϩ2, and Sϩ4, transversions led to increases in the translational efficiency of 2.14-, 1.67-, and 2-fold, respectively, in arabinose medium. On the other hand, transversion at position ϩ3 and the mutation that restored the wild-type Inr decreased translational efficiency by 0.76-and 0.73-fold, respectively, in the same medium. These results indicate that a region in the araS promoter might also affect translation efficiency. Due to its location in the araS promoter, this region was termed the Sulfolobus initiator element (Inr) (7). This result is in good agreement with the enzymatic activities of these aInr variants assayed in the reporter gene system
FIG 2
The Inr of the araS promoter is required for basal promoter activity. Promoter sequences are given, and mutations are shown in lowercase letters. The promoter motifs, ara box, TATA box, and Inr are boxed and indicated above the sequence. The promoter constructs D-55 and T6BRE1 were reported previously (12) . The lacS gene was used as the reporter gene, and it was cloned immediately after the promoter sequences. Relative lacS activities and relative mRNA levels in ACVy medium are shown on the right. All experiments were carried out in triplicate. and demonstrated that this short region of the araS promoter plays an important role in transcription.
The araS Inr contributes to basal promoter activity in a TATA box-and BRE-dependent manner. We have demonstrated that the ara box in the promoter of S. solfataricus araS directs arabinose-inducible expression in Sulfolobus (12, 33) but that a hybrid promoter harboring T6BRE1 is a constitutive promoter in arabinose, sucrose, or glucose medium (12) . In this study, the hybrid promoter and its mutants were employed to study the function of the Inr. As shown in Fig. 2 , the constitutive hybrid promoter T6BRE1 had approximately 50% of the activity of the D-55 promoter, the minimal active promoter of araS (12) , and approximately 35% of the activity of the wild-type araS promoter. The promoter activity of mutant TAmut was completely abolished (revealed by reporter gene assay and RTqPCR assay) due to a transversion mutation in the TATA box of the constitutive hybrid promoter T6BRE1 (Fig. 2) . This indicated that the Sulfolobus Inr was incapable of initiating transcription independently of the TATA box (Fig. 2) . As we reported previously, the activity of the basal araS promoter containing the TATA box, the PPE, the Inr, and a defective BRE is as low as the background (12) . This indicated that Inr activity is also dependent on a functional BRE or that a cis-acting element, such as the ara box on the araS promoter, may make amends for BRE's function. Taken together, these results indicated that Inr is an important core promoter element whose activity is dependent upon the TATA box and BRE.
Nucleotide preference of the araS Inr. Next, to investigate the nucleotide preference of the Inr in the araS promoter, the effect of systematic mutations on reporter gene activities was tested (Fig.  3) . Mutation of all nucleotides from ϩ1 to ϩ4 to C decreased promoter activity, as revealed by a reporter gene assay, by between 77% and 92%, while mutations at ϩ5 and ϩ6 had a less pronounced effect on promoter activity, indicating that the region from positions ϩ1 to ϩ4 was most important to the Inr of the araS promoter and that C was excluded from the strong Inr in the core region. When the G at the TSS was mutated to A (the most frequent alternative transcriptional initiation nucleotide), promoter activity was reduced by approximately 80%. Mutating the same base to T or C also effected similarly dramatic reductions in promoter activity, namely, 80% or 90%, respectively. Combined with the primer extension results, these data suggested that transcription could accurately be initiated with lower transcription efficiency than with G at a T or C nucleotide in the araS promoter and that G is the only efficient transcription initiation nucleotide in the functional Inr of the araS promoter. Moreover, A was the only efficient ϩ4 nucleotide for transcription initiation/elongation. However, the ϩ5 and ϩ6 sites showed less nucleotide preference, which may suggest that these sites lie outside the core region of the araS Inr. The mRNA quantification by RT-qPCR confirmed the results from the reporter gene assay (Fig. 3) . Mutation at ϩ3 (G to C) reduced translation efficiency, and mutations at ϩ5 (A to T) and at ϩ6 (T to A, G, or C) increased translation efficiency. Collectively, these results identified a preferential sequence of the functional Inr in the araS promoter as ϩ1GAGAMKϩ6 (where M is A/C and K is G/T).
Identification of a conserved Inr sequence on a subgroup of Sulfolobus promoters. A recent transcriptomic analysis of S. solfataricus P2 has been reported, and TSSs of approximately 500 transcripts were determined in that study (13) . In order to identify the conserved Inr motif, the region of the promoters from positions Ϫ36 to ϩ10 with determined TSSs were extracted from the S. solfataricus P2 genome in this study. All the selected promoters were divided into 2 groups: A, the promoters of leaderless transcripts (n ϭ 210), and B, the promoters of genes containing a (Ն4-nt) 5= UTR coding sequence matched to the functional Inr of the araS promoter (n ϭ 61 [of a total of 132 promoters with a 5= UTR of Ն4 nt]). The alignment of the promoter sequences in the 2 groups by WebLogo (31) identified a conserved TATA box (TTTAAA) between positions Ϫ24 and Ϫ30, relative to the TSS (Fig. 4A ). An A-rich motif, the TFB recognition element (BRE), was found immediately upstream of the TATA box, although it was not as conserved as a TATA box between the two groups. Furthermore, a putative proximal promoter element (PPE) was found between Ϫ12 and Ϫ4 in both groups in which A and T were overrepresented. Moreover, a conserved dinucleotide motif, Ϫ1(T/C)(A/G)ϩ1, was found in the vicinity of the TSS in both groups. In group A, the sequence Ϫ1(T/C)(A/G)TGϩ3 was most highly conserved, while in group B, the motif Ϫ1(T/C)(G/A) (A/T)(G/T)AAAϩ6 was conserved in the TSS region (Fig. 4A) . These results clearly indicated that the Inr was conserved in a subgroup of promoters of genes containing a 5= UTR coding sequence.
Next, 3 promoters in this subgroup were randomly selected to determine the importance of the putative Inr to transcriptional efficiency. In this experiment, the most conserved dinucleotide motif (Ϫ1YRϩ1) was unchanged, and the nucleotides at ϩ2 to ϩ4 were mutated. As shown in Fig. 4B , transversion mutations in the Inr sequences of the Sso1171, Sso1934, and Sso3180 (where Sso indicates S. solfataricus) promoters significantly reduced their activities, as determined by a reporter gene assay and RT-qPCR, indicating that the Inr is widely functional in Sulfolobus promoters. All the results together suggest that Sulfolobus adapts the Inr to globally regulate the strengths of different promoters. In the case of the Inr of the Sso1934 promoter, mutation made an artificial leaderless transcript. Compared to those of the wild type, the mRNA level of the leaderless transcript was reduced to 45% and the translated protein level was reduced to 38%. However, it was previously reported that deletion of the 5= UTR region resulted in increased translational efficiency (34) . Our result in combination with those of the previous report suggested that the 5=UTR is involved in both transcription and translation processes. However, different translational mechanisms are involved in mRNAs with the Inr transcripts and mRNAs with Shine-Dalgarno sequences at their 5= ends.
The araS Inr enhances the strength of Inr-less promoters in Sulfolobus. We found from the results noted above that the Inr was present in a subgroup of Sulfolobus promoters in a TATA boxand BRE-dependent manner. This suggested that the presence or absence of an Inr might determine the promoter activities and globally regulate gene expression in Sulfolobus. To test the hypothesis, hybrid promoters controlling lacS transcription were constructed to evaluate the function of the araS Inr on 3 promoters with leaderless transcripts which lack the Inr in Sulfolobus (P SiRe_0562 , P Sso0009 , and P Sso1029 , where SiRe indicates S. islandicus REY15A) (Fig. 5A) . The promoter construct SiRe_0652A comprised the Inr sequence from the araS promoter. The Sso0009 and Sso1029 promoters were from S. solfataricus P2, while the hybrid Sso0009A and Sso1029A were constructed by adding the araS Inr to the 3= end of the promoter sequences (Fig. 5A) . The lacS activity assay (Fig. 5B) showed that the SiRe_0652A promoter was more active (ca. 1.3-fold) than the SiRe_0652D promoter (Fig. 5B) . The RT-qPCR result also showed that the SiRe_0562A transcript was approximately 1.77-fold more highly expressed than the SiRe0562D transcript (Fig. 5B) . Furthermore, a reporter gene as- say showed that Sso0009A was 4.5-fold more active than Sso0009 and that Sso1029A was 2.5-fold more active than the Sso1029 construct. This was confirmed by RT-qPCR, which showed that at the mRNA level, the Sso0009A transcript was 1.34-fold more active than the Sso0009 transcript and that the Sso1029A transcript was 2.46-fold more active than the Sso1029 transcript. Taken together, these results indicated that the presence of the araS Inr generally enhances promoter strength in Sulfolobus and that the transcript of the araS Inr on the Sso0009A promoter increases translational efficiency.
DISCUSSION
To date, it has been thought that binding of TBP and TFB to the TATA box and BRE, respectively, followed by recruitment of RNA polymerase, are able to efficiently initiate transcription in the classic model of archaeal promoters (35) . The Inr has been considered less important, since transcription is initiated efficiently in promoters with insertion or deletions between the TATA box and the Inr (23) . Previously, it was found that certain nucleotides in the TSS were important for promoter activity (23, 24) and that a pyrimidine-purine dinucleotide motif (Ϫ1YRϩ1) was conserved in archaea (36) . In this study, we initially identified an Inr in the araS promoter that played an important role in transcription but had a limited effect on translation. Based on the results of nucleotide preference identification analysis, the wild-type sequence of the Inr in the araS promoter was found to be the most functional (Fig.  3) . Based on this finding, we postulated that other promoters in Sulfolobus had similar Inrs. We extracted all promoter sequences (Ϫ36 to ϩ6, relative to the TSS) of S. solfataricus P2 with a determined TSS (13) and divided them into 2 groups, based on the absence (group A) or presence (group B) of a coding sequence for a 5= UTR longer than 4 nt (Fig. 4A) . The conserved motif in group B was Ϫ1(T/C)(G/A)(A/T)(G/T)AAAϩ6, which was almost identical to the functional araS Inr sequence. To our knowledge, this is the first time that a conserved sequence has been identified for an Inr in archaea.
Remarkably, the conserved Sulfolobus Inr was found in the sequence encoding the 5= UTR of the transcripts in this study. However, the Inr at the 5= end of a transcript may not be involved in RNA stability, since RNA degradation begins with cleavage at a preferred internal site in Sulfolobus (13) . Also, the 5= UTR has been found to have important functions in translation in archaea. A previous study on S. solfataricus P2 has reported that lack of a Shine-Dalgarno sequence in the 5= UTR blocks in vitro translation and that this inhibition is removed by deletion of the entire leader sequence (34) . In haloarchaea, complete deletion of the 5= UTR, resulting in a leaderless mRNA, caused enhancement of ␤-galactosidase activity in transformants, implying that the initiation of translation involved a mechanism other than a specific mRNA-rRNA interaction (37) . Recently, it has been reported that adding the 5= UTR of the hlr and hp genes to the dhfr open reading frame (ORF) marginally enhanced transcription (1.01-and 1.07-fold, respectively) for haloarchaea. Accordingly, combining our findings in this study with previously published results on 5= UTR in archaea, we conclude that the coding sequences for the 5= UTR in a single ORF or the first ORF of an operon have important functions in transcription.
Archaeal transcription regulation depends on the binding of specific transcriptional regulators to promoter regions. Whether a transcription regulator acts as an activator or as a repressor depends on the binding site location with respect to the promoter (38) . Transcription activation cis elements are normally found as upstream activation sequences (UASs); examples are the wellcharacterized ara box in Sulfolobus (12), Ptr2-binding sites in Methanococcus jannaschii (39) , UASs on the P D and P A promoters in Haloarchaea (40, 41) , and a UAS on the PF1088 promoter in Pyrococcus furiosus (42) . Each UAS presumably functions by binding a gene-specific transcriptional activator, followed by recruitment of TBP or TFB and initiation of transcription. The main transcriptional repression mechanism in archaea entails the binding of a transcription factor at a site overlapping the BRE/TATA box or the site downstream of the TATA box, impairing promoter access for the TBP, TFB, or RNA polymerase (38) . However, all of the regulation described previously requires that specific regulators bind to their cis elements. This leads to a question, "would archaea utilize different combinations of promoter elements to globally regulate gene expression?" Here, we report that the araS Inr enhances the strength of Inr-less promoters (Fig. 5) and that mutations in the Inr decrease promoter activities significantly but not completely (Fig. 4B) . We also found that the Inr was conserved in a subgroup of Sulfolobus promoters (Fig. 4A) . These results strongly suggest that the presence (of a strong or weak Inr) or absence of the Inr is involved in global regulation in Sulfolobus. We propose that Inr-dependent global regulation is based on the recognition of the Inr by general transcription factors or subunits of RNA polymerase and that this binding enhances promoter strength in general. This raises the question as to the identity of the exact factor(s) that binds the Inr in Sulfolobus. It was previously reported that in the transcriptional initiation complex, TFB strongly interacts with the TSS within the Inr region in P. furiosus (43) . Due to the high conservation of the RNA polymerase system in archaea, TFB may interact with the Inr in promoting the formation of a transcription bubble and enhance transcription efficiency. However, the putative Inr-based promotion of transcription bubble formation differs from the mode of the AT-rich sequence in this region with a high melting efficiency, because the transcriptional bubble on the araS promoter is located at Ϫ9AAA GTACCCGAGϩ3. TFB has a stronger interaction with the Inr consensus sequence, and the interaction promotes transcription initiation. Furthermore, a recently published crystal structure of a Sulfolobus transcription elongation-like complex showed the interaction between the Inr of the Sulfolobus viral T6 promoter and archaeal RNAP residues (44) . Strikingly, the conserved amino acid residues of Rpo1N (RpoA=), Rpo2 (RpoB), and Rpo1C (RpoAЉ) bind the T6 Inr sequence in the region of positions Ϫ1 to ϩ7 (44) . These results suggest that RNAP subunits or TFBs might be involved in the binding of the Inr in the transcriptional initiation and/or elongation process and that it determines the promoter strength in archaea. Importantly, the mechanism of Inrinvolved global gene regulation is, somehow, similar to that of family-modulated transcription in bacteria (45) and GTF combination-involved global regulation in halophiles (46) . Sulfolobus encodes only one TBP and two functional TFBs, which is not sufficient for transcriptional regulation using the mechanism mentioned. This suggests that the Inr may compensate for the limited number of GTFs in Sulfolobus for global gene regulation by binding to TFB or RNAP subunits with different affinities.
